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1.3 SUMMARY OF PAPERS 
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CHAPTER 2  
2  BA C K G R O U N D   
2.1 BASIC CONCEPTS 
2.1.1 PHOTOVOLTAIC EFFECT 
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3.1.5 DEFECT CONCENTRATION DEPENDENCE ON DOPING CONCENTRATION 
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3.1.6  DEFECT CONCENTRATION DEPENDENCE ON OXYGEN CONCENTRATION 
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3.1.7 DEPENDENCE OF B-O RELATED DEFECT KINETICS DETERMINED ON   AND 
HOLES  
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3.2 LIGHT INDUCED DEGRADATION STUDIED BY LIGHT 
SOAKING OF SOLAR CELLS  
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4.2 SETUP FOR LOCALIZED CARRIER EXCITATION (SPOT-LID 
EXPERIMENT 1) 
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4.3 SETUP FOR DIRECT MONITORING OF MINORITY CARRIER 
DENSITY (SPOT-LID EXPERIMENT 2) 
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4.3.1 CALIBRATION PROCEDURE 
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SUPPLEMENTING ANALYSIS 
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6.1 SPOT-LID ANALYSIS OF GRAIN BOUNDARIES IN 
MULTICRYSTALLINE SILICON 
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Figure 6-1 PL-maps, degradation profile, EBSD grain maps and dislocation maps for I) a twin 
boundary, II) a clean random angle boundary (RAB1), III) a decorated random angle boundary 
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(RAB2) and IV) a grain with numerous dislocations. The vertical black/yellow line demonstrates the 
position of the illuminated slit. The blue line shows the position of the normalized line scan 
(degradation). All maps are 23 x 23 mm.  
6.2 USING SPOT-LID TO DETERMINE MINORITY CARRIER 
MOBILITY 
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The role of excess minority carriers in light induced degradation examined
by photoluminescence imaging
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A new approach to investigate light induced degradation (LID) effects in boron-doped silicon has been
developed. By studying spatial variations in LID resulting from localized carrier excitation (spot-LID),
it is veriﬁed that the generation of the boron-oxygen complexes responsible for the degradation is
directly related to the presence of excess minority carriers. Through the examination of the diffused
minority carrier density distribution (during light exposure), from an exposed into an unexposed wafer
area compared to the observed defect generation, we are able to monitor the generation of excess
carrier induced defects over a range of carrier concentrations. The results show that very low
concentrations of minority excess carrier densities are sufﬁcient to generate the defects. For the
investigated material carrier concentrations down to 1.76 0.2 109 cm3 are observed to cause
lifetime degradation.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4735992]
I. INTRODUCTION
Light induced degradation (LID) reducing the solar cell
efﬁciency through the generation of metastable defects is an
inherent problem in boron-doped Czochralski silicon (Cz-
Si). This phenomenon is found to be related to the simultane-
ous presence of boron and oxygen in the Si material, through
a possible boron-oxygen defect (BO-defect), but neither the
chemical composition nor the energy level of the defect has
so far been determined experimentally. LID has been known
since the 1970s when Fischer and Pschunder1 observed that
LID in Cz-Si was present independently of particle irradia-
tion (in space applications), and from a loss in the red
response during light exposure it was concluded that a reduc-
tion of the minority carrier lifetime in the solar cell base was
responsible for the observed degradation.
For years, the apparent degradation was thought to be
induced by light until Knobloch et al. in 1996 found that a
similar degradation could be observed by applying a forward
bias voltage to the cell.2 Hence, it was concluded that the
degradation in boron-doped silicon is caused by the presence
of excess minority carriers, and that photons are not directly
involved. Later, in 2003, Bothe et al.3 showed that the meta-
stable defect is also formed under equilibrium conditions (at
elevated temperatures), indicating that it is not the excess
carrier density that determines the degradation but the total
number of minority carriers.
In 2001, Glunz et al.4 proposed a mechanism involving
a recombination-enhanced defect reaction as a possible ex-
planation for the formation of the boron-oxygen related
recombination center due to the quadratic increase of defect
generation rate with doping level. This mechanism assumes
that it is the energy released from the recombination that
triggers the generation of the active recombination center.
On the basis of this mechanism, Schmidt and Bothe5 intro-
duced a model where fast diffusing oxygen dimers capture
substitutional boron atoms to form Bs-O2i recombination
centers. This model was prevailing for many years but was
invalidated in 2009 when Macdonald et al.6 discovered that
the degradation is controlled by the concentration of holes
[p0] and not the concentration of boron [B]. The fact that the
degradation effect has not been observed in gallium-doped
but only boron-doped Cz silicon still ensures that the Cz-
speciﬁc defect depends on boron and not on the position of
the Fermi level.7
In 2010, Voronkov and Falster8 proposed a new degra-
dation model. In this model the degradation starts from a
latent complex, BiO2, of an interstitial boron atom and an ox-
ygen dimer by a minority excess carrier assisted recharge
from a doubly positively charged into a neutral state. The
model is the ﬁrst to explain the proportionality between the
defect concentration and the hole concentration [p0] in com-
pensated silicon co-doped with boron and phosphorus.6 In a
recent work,9 however, where silicon co-doped with boron
and gallium was investigated, it was found that the defect
concentration was proportional to [B] instead of p0. This
implies a defect complex containing a substitutional boron
atom [Bs] like in the model by Schmidt and Bothe.
5 How-
ever, the model by Schmidt and Bothe5 involves another
debated issue: the diffusion of the oxygen dimer. Recent
work by Murin10 states that the charge-state driven motion
of an oxygen dimer is a highly unlikely mechanism in solar
grade silicon. Presently, no model is able to fully explain all
experimentally observed characteristics associated with the
defect responsible for light induced degradation. Some con-
clusions on the nature of the defect can still be drawn. Due
to the fact that no trace of the defect has been found by Deep
Level Transient Spectroscopy the concentration of the
a)Author to whom correspondence should be addressed. Electronic mail:
tine.narland@material.ntnu.no. Telephone: þ47 99 04 05 08. Fax: þ47 63
89 99 64.
0021-8979/2012/112(3)/033703/8/$30.00 VC 2012 American Institute of Physics112, 033703-1
JOURNAL OF APPLIED PHYSICS 112, 033703 (2012)
defects is believed to be very low (about 1011 cm3).8 Conse-
quently, a high defect capture cross-section and a low den-
sity of excess minority carriers are to initiate the expected
defect.
In this work, we investigate the role of the excess minor-
ity carriers in the defect generation. Imaging of the steady
state band-to-band photoluminescence (PL) from a sample
allows determination of the spatial variations in excess mi-
nority carrier concentration (Dn) due to recombination. The
sensitivity of PL is high even at very low injection levels, Dn
< 1 109 cm3.11 In light induced degradation experiments,
a light source is used to generate excess minority carriers
(DnLID) which in turn activate the defects responsible for mi-
nority carrier lifetime degradation. PL imaging before and
after such injection of minority carriers (DnLID) therefore
allows for an accurate image of the effect of the introduced
recombination centres across the wafer. This is utilized in a
newly developed method of local light induced defect moni-
toring (spot-LID), where the wafer is exposed to light
through a conﬁned aperture/slit from one side of the wafer
while a PL image from the entire wafer is collected from the
other (see Fig. 1). The laser excitation time for the PL image
is short compared to the duration of the illumination through
the slit. As the excess minority carriers, generated by the
light source from below, diffuse from the illuminated area
into the adjacent area, the PL images will show a deprecia-
tion of the unexposed area close to the slit with time. The
extension of the darkened area depends on the minority car-
rier diffusion length, while the reduction in PL intensity is
determined mainly by the increase of recombination active
defects over time, which again is a function of the local elec-
tron injection history. From these data, conclusions on the
nature of the minority carrier-induced centers can be made.
In this paper, we present the procedures and models
applied to extract true recombination activity and minority
carrier densities from measured data. The ﬁndings and suc-
ceeding analysis are discussed with regard to related work.
Particular attention is paid to the determination of the mini-
mum minority carrier concentration being responsible for
observable lifetime degradation by BO-defect generation.
Such information has not been experimentally veriﬁed
before.
II. EXPERIMENTAL METHODS
A 320 lm p-type Cz-Si wafer with a boron concentra-
tion of 3.6 1015 cm3 (3.8X cm) and an oxygen concentra-
tion of 8.9 1019 cm3 was used for this investigation. Prior
to the measurement, the wafer was cleaned with RCA and
thereafter received a double side passivation by plasma-
enhanced chemical-vapour deposited (PECVD) hydrogen-
ated amorphous silicon. The surface recombination rate is
estimated to be approximately 40 cm/s. In order to ensure
that no defect centres are generated before the start of the
measurement the sample was deactivated by an annealing at
200 C for 10min on a hotplate.12
The PL measurements were performed with a LIS-R1
system from BTimaging. A laser with a wavelength of
808 nm is used to expose the entire wafer and the resulting
band-to-band PL signal is measured with a (focused) one-
megapixel silicon charge-coupled device camera. The pene-
tration depth for this wavelength is about 11.5 lm but due to
immediate diffusion of carriers the excited minority carriers
will almost instantly spread uniformly over the thickness of
the sample. This is valid as long as the diffusion length of
the minority carriers in the sample is signiﬁcantly longer
than the thickness of the sample, which is true for the sam-
ples in this work. The intensity of the band-to-band PL signal
scales with the number of (photo-) excited minority charge
carriers. A separate quasi steady state photo conductance
(QSSPC) calibration measurement is carried out to convert
the PL intensity into absolute charge carrier density. For the
images, we used an incident photon ﬂux of 2.97 1017 cm2
s1, corresponding approximately to 1 sun illumination in-
tensity. The PL acquisition time was 0.5 s per image.
A system for illuminating a small area on the rear side
of the cell was installed in situ in the PL chamber as illus-
trated in Fig. 1. The wafer is positioned on a stage with a
mask with a slit measuring 0.29mm in width immediately
below the wafer. The illumination source is a broad band
halogen spectrum illumination source from Ocean Optics
with a connected optical ﬁbre and a 900 nm short pass ﬁlter
resulting in a photon ﬂux of 1.416 0.1 1016 cm2 s1. A
halogen spectrum cut off at 900 nm will be absorbed within
the ﬁrst 15 lm of the silicon. Simulations of the minority car-
rier distribution over the thickness of the sample show that
due to immediate diffusion of carriers there is, as for the ex-
citation of minority carriers by the 808 nm laser, virtually no
minority carrier concentration difference in this direction.
Both ﬂoat zone wafers and n-type wafers were tested in order
to ensure that no degradation of the passivation layer was
occurring.
The lifetime at the injection levels in the wafer during
spot-LID is estimated by QSSPC calibrated PL imaging, by
tuning the excitation laser to the same photon ﬂux as that of
FIG. 1. The spot-LID setup. The wafer is exposed to light through a con-
ﬁned slit on the rear side of the wafer while photoluminescence from the
entire wafer, generated by an expanded diode laser, is collected from the
other side.
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the ﬁber-connected light source. This procedure is further
discussed in Sec. III B. As the sensitivity to PL is very high
even at low injection levels, this technique enables us to
measure lifetime at much lower injection levels than with a
conventional QSSPC setup.
III. DATA ANALYSIS AND SIMULATIONS
The presence of minority carriers is presumed to be a
requirement in the generation of LID-related recombination
centres in boron-doped silicon.2 The recombination centres
will thus be formed within a distance from where the minor-
ity carriers are injected, determined by the minority carrier
diffusion length. If the injected minority carriers are allowed
to diffuse into an unexposed part of a boron-doped silicon
wafer, a footprint of subsequent recombination centres will
delineate the extension of the minority carrier spreading. If
the degraded sample is kept in the dark at room temperature,
the distribution of generated recombination centres, and thus
the footprint of minority carrier spreading, will be stable
over time.
In Fig. 2 principle sketches of a silicon wafer before and
after light exposure through a slit and the corresponding line
scans are shown. The slit is assumed uniformly exposed to
light and is situated in the middle of the wafer. The varia-
tions in PL intensity correspond to variations in Dn generated
by the laser diode. For simplicity, we study the lifetime in a
line section perpendicular to- and through the middle of the
slit (marked by the horizontal line).
The PL images are acquired in steady state, i.e., with a
constant laser excitation intensity. The Dn determined by the
PL image is translated to lifetime by applying the steady
state equation,13
sef f ¼ Dn
G
: (1)
Here the generation rate G, determined by optical properties of
the sample and the excitation laser during the PL measurement,
is assumed to be constant and homogeneous over the wafer.
In typical cases, this analysis gives a good approximation to
the variations in lifetime in a silicon wafer. However, the
resulting lifetime map also includes the effects of diffusion
from areas of high charge carrier density (high lifetime) to
areas of lower charge carrier density. This results in a smear-
ing effect in areas where the lifetime varies signiﬁcantly. In
the case of spot-LID measurements, we generate a localized
area of very low lifetime and the problem with diffusing
charge carriers becomes prominent. In Fig. 3 a principle
sketch of how this blurring will affect a PL line scan after
spot-LID treatment is given.
In Sec. III A, a procedure to decouple the effect of
smearing from the true lifetime is given.
A. Determining recombination activity from the PL
data
In an attempt to study the variations in recombination
activity more precisely, we decouple the effects of recombi-
nation variations and smearing described above by ﬁtting the
measured PL data to a theoretical model. During the PL mea-
surement, the illumination is homogeneous over the whole
sample, so the generation rate (G) is constant. Furthermore,
the slit shape allows us to simplify the problem to 1D. The
continuity equation, see for instance,14 in steady state for
p-type material yields
Gþ Dn @
2DnðxÞ
@x2
 RðDnðxÞ; xÞ ¼ 0 (2)
Here Dn is the diffusion coefﬁcient for electrons, G is the
constant generation rate, x is the lateral distance from the slit
edge, and R(Dn,x) is the recombination rate. Dn(x) is the
excess minority carrier concentration, averaged over the
thickness of the wafer. During spot-LID, the recombination
rate R(Dn,x) goes from being an approximately constant
function of x (at t¼ 0) to being strongly dependent on x at
t= 0. The reason for the large variation at t= 0 is that
recombination centres have been activated, due to diffused
electrons from the slit edge. We can write the recombination
rate as
FIG. 2. Principle sketch of the PL intensity on a passivated silicon wafer
before (a) and after (b) light exposure through a slit. The position and width
of the slit are indicated by the shaded area in (a) and the white lines in (b).
The horizontal line indicates the principle line scans.
FIG. 3. Principle sketch showing the effect of diffusing carriers from areas
of high lifetime to areas with low lifetime (contrast smearing) during PL
imaging on the lifetime line scan after spot-LID.
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RðDnðxÞ; xÞ ¼ DnðxÞ
sef f ðxÞ ¼ DnðxÞrðxÞ; (3)
with r(x) as the reciprocal effective lifetime. Inserting this
into Eq. (2) we get
Gþ Dn @
2DnðxÞ
@x2
 DnðxÞrðxÞ ¼ 0: (4)
The goal of the decoupling analysis is to determine r(x) (and
thus seff(x)) from the PL data. This is done by solving Eq. (4)
for different r(x)-proﬁles and ﬁtting this to the PL data.
Equation (4) was solved numerically by using a partial dif-
ferential equation (PDE) solver.15 In Secs. IV and V, we will
refer to the recombination activity in terms of lifetime as
these are directly related.
After spot-LID, we expect two regions where the life-
time is constant, as illustrated in Figure 3. Close to the slit
there is a region where the injected carrier concentration is
sufﬁciently large such that the defect generation (and hence
lifetime) is not limited by the carrier concentration.5 Far
away from the slit the injected carrier concentration goes to
zero, and the lifetime should be constant. Thus a sigmoidal
shape of the reciprocal lifetime is assumed, which proved to
ﬁt well with experimental data.
From the PL measurement at t> 0, the lifetime for large
x and in the slit can be directly obtained. The reason for this
is that there are no large variations in lifetime near these
extremes, and thus the contribution from smearing to the
measured Dn is negligible. Thus we have that the reciprocal
lifetime decreases from rdeg¼ 1/sdeg, at the slit edge, to
r0¼ 1/s0, in a distance from the slit, as
rðxÞ ¼ r0 þ ðrdeg  r0Þ
1þ expððx DxÞ=lrÞ : (5)
Here lr and Dx are the parameters, which are varied to ﬁt the
reciprocal lifetime function to the measured PL data.
B. Determining Dn profiles during spot-illumination
In order to emphasize the difference between the excess
charge carrier density during the PL measurement (Dn), and
the charge carrier density during LID, we have in the follow-
ing chosen to call the latter Dnspot. To relate the degradation
(reduction in lifetime) to Dnspot, we determine Dnspot from
the 2D continuity equation where we also take into account
the non-uniform carrier concentration in the z-direction
(depth of the wafer),
Gðx; zÞ þ Dnr2Dnspotðx; zÞ  Dnspotðx; zÞsspotðxÞ ¼ 0: (6)
Here the generation rate G(x,z) is a function of the lateral
position x, and the distance z from the illuminated backside
of the wafer. We assume that the generation rate drops
sharply to zero on the slit edge. Due to symmetry we solve
the continuity equation for one half-plane from the centre of
the slit. The boundary conditions on the top and bottom
surfaces of the wafer are set to
Dn
@Dnðx; zÞ
@z

z¼surf
¼ S Dnðx; zÞjz¼surf ; (7)
where S is the surface recombination velocity, assumed to be
approximately S¼ 40 cm/s.
The lifetime in Eq. (6) is written sspot(x) to emphasize that
this is the lifetime under spot illumination conditions, i.e., at
low injection levels. It is evident that the carrier concentration
proﬁle due to diffusion from the slit decreases during the illu-
mination, as the lifetime sspot(x) decreases. sspot(x) is estimated
by QSSPC calibrated PL measurements at a similar excitation
photon ﬂux as from the spot-LID illumination. The real injec-
tion level (and thus the lifetime) will be slightly lower than in
the PL measurement, due to diffusion away from the exposed
area. But while the lifetime is dependent on injection history, it
is only weakly dependent on the current injection level under
low injection conditions. Hence, we assume that the injection
dependence, related to the reduced concentration of diffused
carriers away from the slit, to be negligible.
The continuity equation was then solved numerically for
Dnspot(x,z), with different sspot(x) corresponding to the dura-
tion of the spot-illumination, by using a PDE solver.15 The
carrier concentration is then averaged over the thickness of
the wafer (simulations show that this approximation is unam-
biguous) to ﬁnd the averaged carrier concentration Dnspot(x)
a distance x away from the slit edge.
IV. RESULTS AND DISCUSSION
During spot-LID, electrons are excited in a localized
region, deﬁned by the illuminated area in the slit. From this
localized region, the excess electrons diffuse out into the wa-
fer, allowing us to study the degradation effect of a continu-
ously varying electron concentration. The measurements to
be analysed are calibrated band-to-band PL images16 before
and after spot-LID carried out for different times. The raw
PL data before calibration to lifetime is plotted in Fig. 4
where PL images of the wafer before and after spot-LID of
25 h are shown. The line scans corresponding to the position
of the horizontal line in the top ﬁgures in Fig. 4 are given in
the bottom images where the depreciation in PL intensity in
the slit-close areas is clearly seen. The black dots in the top
images are imperfections in the material/passivation layer
but have no implications on the data used for the analysis.
A set of PL line scans performed at different times is
presented in Fig. 5. Both the raw data and the lifetime with-
out contrast smearing, described in Sec. III A, are shown for
all times. The plot shows a depreciation of slit-close areas
with time until saturation (saturation is occurring at approxi-
mately 80 h for the given material with the current light
source). For symmetry reasons only one side of the slit is
shown. Note that the right-hand edge of the slit is in position
x¼ 0 in the ﬁgure, (corresponding to x¼ 13mm in Fig. 4) so
that all degradation observable in the ﬁgure is degradation in
the dark caused by diffused excess carriers from the slit.
As the lifetime of the degraded area (s(x)), both in the
exposed and the unexposed part of wafer, decreases with time,
the diffusion length of the carriers from the exposed area into
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the unexposed area will decrease. This decrease will continue
until defect saturation. A plot showing the simulated minority
carrier proﬁles (Dnspot), during localized carrier excitation
(spot-LID), before spot-illumination (t¼ 0) and after saturation
(t¼ 125 h) is given in Fig. 6. The simulated curves are obtained
according to the method described in Sec. IIIB, determining
Dn proﬁles during spot-illumination. Before spot-illumination
the minority carrier lifetime (s(x)) obtained from calibration of
the PL line scan is homogenous for all x, while after a given
time of spot-illumination the lifetime (proportional to PL
counts) is altered as shown in Fig. 4(b). This calibrated lifetime
(obtained with PL laser intensity with a photon ﬂux similar to
the spot illumination) is utilized to simulate the Dnspot, proﬁles
in Fig. 6.
The Dnspot, (t¼ 0) and Dnspot, (t¼ 125 h) proﬁles in Fig. 6
set the upper and lower limits for the diffusing minority car-
rier concentration during the generation of defect centres.
From t¼ 0 to t¼ 125 h, the Dnspot will never be higher nor
lower than these limits for any distance from the slit but the
proﬁle will change gradually from the Dnspot, t¼ 0 curve to
the Dnspot, t¼ 125 h curve. Accordingly, Fig. 6 shows the
upper and lower limits of carrier density, for every distance
from the slit edge, responsible for the activation of the defect
during spot-LID for 125 h. Further on, it can be seen that
both Dnspot, t¼ 0 and Dnspot, t¼ 125 h are gradually decreasing
from the slit edge but the Dnspot, t¼ 125 h curve shows a more
pronounced steepening of the proﬁle in the slit-close regions.
This is an effect of the screening behaviour of the already
generated defects. Beyond the point of where the majority of
FIG. 4. PL intensity before (a) and after (b)
spot-LID for 25 h. The position and width
of the slit are superimposed on the image,
as indicated by the vertical grey line. Data
acquisition time is 0.5 s. The horizontal line
indicates the position of the line scan in the
bottom ﬁgures.
FIG. 5. PL line scans (raw-data and decoupled lifetime curves) performed
after different times of spot-LID. The rough curve corresponds to the raw-
data and the smooth curves to the decoupled lifetime. The top curve corre-
sponds to t¼ 0, the second curve to t¼ 1 h, and so forth. The lifetime values
are given at one sun illumination.
FIG. 6. Figure showing minority carrier proﬁles during spot-LID (Dnspot)
before spot-illumination (t¼ 0) and after saturation (t¼ 125 h). Notice that
the Dnspot proﬁles are plotted logarithmically. The simulations are performed
according to the procedure described in Sec. III B.
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the defect centres are generated (approx. at a distance of
3mm from the slit edge) the diffusion continues parallel to
the diffusion of carriers at t¼ 0.
A necessary condition for the spot-LID measurement to
be correct is that only the material uncovered through the slit
and no other parts of the wafer is exposed to light. This is
accomplished for the backside of the cell (see Fig. 1). On the
front side, however, the whole area of the wafer is exposed to
light every time a PL measurement is performed. In the mea-
surement series shown in Fig. 5 this involves a laser exposure
with an intensity of 1 sun for 0.5 s for every measurement.
Considering that LID occurs through two mechanisms where
the ﬁrst mechanism causes degradation during the ﬁrst minutes
of light exposure,17 the laser exposure to the front side of the
wafer due to PL measurements is sufﬁcient to degrade the life-
time of the wafer. In Fig. 5 this can be seen as the slightly
decreasing PL intensity level in the part of the wafer that is not
inﬂuenced by degradation caused by spot-LID (x> 6mm).
These levels should ideally have had the same level as the
curve equal to t¼ 0. However, in the slit-close region the rapid
degradation has already been completed by spot-LID. Accord-
ingly, in Fig. 5, the part of the lifetime curves that are inﬂu-
enced by spot-LID can be considered to be unaffected by the
additional PL measurement laser exposure. In order to obtain
the same sspot, x¼1 for the different times in the measure-
ments forming the basis for following discussion, the sample
has been deactivated between each spot-LID measurement.
A. Expected minority carrier diffusion length versus
observed extension of LID defects
As discussed in earlier sections, the presence of minority
carriers is required to produce the metastable BO defects. This
has, amongst others, been shown by Hashigami et al.18 who
showed that blue light illumination absorbed near the surface
in a solar cell resulted in degradation in the bulk. The BO
defects are consequently not limited to be created in the point
where the photon is absorbed, but at any point the light
injected carrier diffuse to. According to the model proposed
by Voronkov and Falster8 in 2010, there is a direct correlation
between the recombination centre and the minority carriers
through the recharging of the defect from a doubly positively
charged into a neutral state. In our case, this would imply that
the recombination centres should be formed within a distance
from where the minority carriers were injected, determined by
the minority carrier diffusion length.
The diffusion length Ln is commonly determined
through the expression Ln ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃðDn  snÞp , where Dn is elec-
tron diffusivity and sn the minority carrier lifetime which is
the average time needed for a decrease in the excess carrier
density of 1/e. This understanding of the minority carrier dif-
fusion length assumes a single exponential decay with time.
In our case where the excess carriers diffuse out into an area
of non-uniform recombination rate the term will not be appli-
cable in its conventional form. The simulated Dnspot proﬁles
in Fig. 6, however, gives the upper and lower minority car-
rier concentration at all distances from the excitation point
and thereby provides more information than the conventional
1/e diffusion length does.
Comparing Fig. 5 to Fig. 6 we see that at the distance
where the lifetime ceases to be degraded, at about x¼ 6mm
for t¼ 125 h in Fig. 5, the minority carrier concentration in
Fig. 6 is small but far from zero. This observation indicates
that a certain concentration of minority carriers is required
for a detectable degradation to occur but it cannot conﬁrm
nor disprove whether there is a direct relation between the
minority carriers and the defect generation through recharg-
ing. Other models, like the recombination enhanced trigger-
ing of defect activation as proposed by Glunz et al.4 could
also be applicable.
B. Minimum minority carrier concentration required
to cause LID
In Fig. 7(a), the decoupled lifetime proﬁle for t¼ 125 h
(st¼ 125h) is plotted as a function of the simulated Dnspot, t = 0
and Dnspot, t¼ 125 h, given in Fig. 6. In this plot, the low
FIG. 7. Degradation proﬁles (lifetime) for (a) t¼ 125 h and (b) t¼ 5min plot-
ted as a function of minority carrier density during spot-illumination (Dnspot)
determined for t¼ 0, t¼ 125 h in (a) and t¼ 0, t¼ 5min in (b). The uncer-
tainty of Dnspot is given by the dashed curves on both sides of the lifetime
curves. Also note that Dnspot is plotted logarithmically and that the range of
the y-axes is different for (a) and (b). The dashed vertical line in (a) is
the lower carrier concentration limit (1.7 109 cm3) of which the
recombination-active BO defects are detectable with respect to lifetime
changes (1% relative to the total lifetime reduction) after saturation. The
dashed line in (b) is the lower carrier concentration limit (1.6 1011 cm3) of
which is responsible for generation of BO-defects during 5min of spot-LID.
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Dnspot values correspond to slit-distant regions and the high
Dnspot values to slit-close regions. The slit edge is accord-
ingly on the right side of the plot, opposite to Fig. 5. The two
curves in Fig. 7(a) give the upper and lower minority carrier
density limits for the degradation to occur. Bear in mind that
the degradation curve at t¼ 125 h is a result of the injection
history through the whole time period of spot-LID, i.e., the
carrier concentration proﬁle at any time contributes to the
defect generation. However, in Fig. 5 it is obvious that the
extension of defects, with respect to the distance from the
slit, increases with time. This implies that the total number
of defects is a product of both carrier concentration and time.
For example, a comparison between Figs. 7(a) and 7(b) is ap-
posite. In Fig. 7(b) a corresponding plot to Fig. 7(a) is given,
but in this plot with a time duration of 5min instead of
125 h. If we look at the carrier concentration of
1 1011 cm3 in Fig. 7(b), we observe that this concentra-
tion has not generated any defects so far. However, if we go
to the same carrier concentration for t¼ 125 h in Fig. 7(a) we
observe a considerable loss in minority carrier lifetime. A
carrier concentration of 1 1011 cm3 is thus not sufﬁcient
to produce detectable lifetime degradation for 5 min but is
indeed so for 125 h.
Returning to Fig. 7(a) the “st¼ 125 h, Dnspot, t¼ 0” and the
“st¼ 125h, Dnspot, t¼ 125h” curves characterize the upper and
lower limits for the carrier concentration responsible for the
degradation at t¼ 125 h. The Dnspot, t¼ 0 proﬁle deﬁnes the
upper limit, though after 125 h of spot-LID we know from
Fig. 6 that Dnspot has decreased signiﬁcantly. According to
the increasing extension of degradation with time in Fig. 5
the last defects to be created are therefore most likely gener-
ated by a carrier concentration comparable to the Dnspot,
t¼ 125 h proﬁle. Hence, even though the st¼ 125 h, Dnspot, t¼ 0
proﬁle characterizes the lower limit, this proﬁle is not unreal-
istic regarding what is the minimum carrier concentration re-
sponsible for lifetime degradation.
According to Figs. 7(a) and 7(b), the lifetime or more
precisely the level of degradation is independent of the
excess carrier density at both high and low levels. The
observation that degradation is independent of the excess
carrier density at high levels is in accordance with previous
work that reports that under an illumination intensity
between 1 and 100 mW/cm2 the generation rate of LID
defects is independent of the illumination intensity.5,18 The
defect generation dependence on illumination intensity
will, however, be highly inﬂuenced by material properties
such as doping and carrier lifetime, optics of the surface
and the wafer passivation. Hence, working with injected
charge carrier concentrations instead of illumination inten-
sities is essential when relating LID to light-exposure for
different materials.
In order to determine the lowest value of Dnspot, that pro-
duces a detectable change in lifetime as a consequence of BO-
defect generation we determined the Dnspot value that corre-
sponds to a change in lifetime of 1% relative to the total
reduction in lifetime (vertical dashed line in Fig. 7(a)). As dis-
cussed previously, it is shown that the lateral extension of the
degradation is increasing over time even though the lateral
carrier concentration decreases. This proves that very low
concentrations of excess carrier densities are sufﬁcient to
generate the BO defect and the lowest carrier concentration
being responsible for lifetime degradation (Ds¼ 1% of total
loss) in this work was determined to 1.76 0.2 109 cm3.
We cannot rule out, however, that defects can be generated at
lower concentrations, although the effect on lifetime is not de-
tectable. Nevertheless, we expect the reported lower excess
carrier concentration limit to be altered with latent defect
complexes, i.e., boron and oxygen concentrations and a study,
of the dependencies of this limit on the material quality, is in
progress. The concentration limit determined in this work is,
however, in agreement with several works4,12,19 which has
indicated that the BO defect has a large electron capture cross
section implying that a very low concentration of Dn, less
than 1011 cm3, is sufﬁcient to cause the reported degradation.
V. CONCLUSION
In the present work, we presented a way to investigate
the LID effect for a broad range of excess carrier densities
circumventing the operation at different illumination inten-
sities. The range of excess carrier density studied is continu-
ous and the defect generation dependency of Dn can be
determined.
Through the examination of the diffused minority carrier
density distribution, from an exposed area into an unexposed
wafer area, and the observed defect generation by photolumi-
nescence imaging a lower limit of minority carrier concentra-
tion being responsible for lifetime degradation by BO-defect
generation is observed. For normal quality p-type Cz-Si mate-
rial, degradation due to the BO defect centre was detected
when the wafer was exposed to excess carrier densities down
to 1.7 109 cm3.
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Direct monitoring of minority carrier density during light induced degradation
in Czochralski silicon by photoluminescence imaging
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In this paper, we present a new method for studying the light induced degradation process, in
which the minority carrier density is monitored directly during light soaking by photoluminescence
imaging. We show experimentally that above a certain minority carrier concentration limit, Dnlim,
the boron oxygen (B-O) defect generation rate is fully independent of the injected carrier
concentration. By simulation, we determine Dnlim for a range of p-type Czochralski silicon samples
with different boron concentrations. The normalized defect concentrations, Nt
*, are determined for
the same samples by time-resolved Quasi Steady State Photoconductance measurements. After
10min of light degradation, no correlation between Dnlim, and Nt
* is observed. These results
indicate that the role of the excess carriers during the rapid decay is to ﬁrst change the charge state
of the defects by shifting the electron quasi-Fermi level across the energy level of the defect centre
in its passive state (Elat¼EVþ (6356 18) meV) and that, subsequently, another rate-determining
step proceeds before the defect centre becomes recombination active.VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4806999]
I. INTRODUCTION
Severe lifetime reduction with carrier injection is an
unfortunate characteristic of p-type Czochralski silicon
materials. During a time period of a day or less, the electron
lifetime is typically reduced to about 10% of the initial life-
time. The lifetime reduction is attributed to a recombination
centre that becomes activated by charge carriers.1 Two expo-
nential decay processes, one rapid and one slow, describe the
degradation kinetics. Both decays are found to be related to
the simultaneous presence of oxygen and boron in the Si ma-
terial, through a possible boron-oxygen defect (B-O defect),2
but neither the chemical composition nor the energy level of
the defect has so far been determined experimentally. It has
been shown that the rates of the rapid and slow degradation
are proportional to the square of the boron concentration
[B],2 while they are independent of the oxygen concentra-
tion.2 The role of the excess carriers has, however, not been
studied in detail.
In the model of Schmidt et al., the role of the excess mi-
nority carriers in the defect generation were believed not to
be directly involved in the defect reaction, but their presence
was thought to trigger the reaction by (i) charging the state
of the O2i, which might lead to an increase in the O2i diffu-
sivity; or (ii) enhancing the O2i diffusivity via a
recombination-enhanced diffusion process.3 Recent work
published in 20114 stated, however, that this type of motion
of an oxygen dimer is a highly unlikely mechanism in solar
grade silicon. Accordingly, this hypothesis disputed the role
of the excess carriers in the model.
In 2010/2011, Voronkov and Falster5,6 proposed a new
degradation model wherein a latent recombination centre is
already incorporated in the crystal before carrier injection.
According to this model, the centres responsible for the slow
and rapid lifetime decays are BiO2i and BsO2i, respectively.
In p-type silicon, the activation of BsO2i (defect centre re-
sponsible for the rapid lifetime decay) is explained through a
series of steps where the quadratic proportionality between
hole concentration and lifetime is accounted for by the cap-
ture of holes by a negative latent centre. The positive latent
centre is then reconstructed into a transient centre. One of
the ﬁnal transitions leading to the formation of a
recombination-active centre is a de-charging of the transient
centre from positive to neutral by electron injection.
Commonly, the light induced degradation (LID) is
monitored either by Microwave Photo Conductance Decay
(lw-PCD) or Quasi Steady State Photo Conductance
(QSSPC) lifetime measurements of a sample during light ex-
posure or by measuring the change in open circuit voltage
(VOC) of a solar cell being subjected to an applied forward
bias. However, none of these methods retain the information
of the minority carrier density in the sample during the
extended light exposure or applied forward bias treatments.
It has been shown that very low carrier density levels are suf-
ﬁcient to activate the recombination centres,7,8 but the degra-
dation process is, nevertheless, completely reliant on
increased carrier densities.8 If the injection or heat source is
removed, the degradation will cease immediately. Several
groups have studied the inﬂuence of varying illumination in-
tensity on the B-O defect generation rate. These studies9,10
have shown that the generation rate of the defect saturates at
a certain illumination intensity. For highly degradable mate-
rial, i.e., material with high concentrations of boron and oxy-
gen, the defect generation rate saturates at about 1 mW/cm2.
The intensity of the illumination source and the excess
a)Author to whom correspondence should be addressed. Electronic
mail: tine.narland@material.ntnu.no. Tel.: þ47 99 04 05 08. Fax: þ47 63
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carrier density is linked through the optical properties of the
sample and the carrier lifetime. A certain illumination inten-
sity threshold value therefore corresponds to a certain excess
carrier threshold value, Dnlim, but the same illumination in-
tensity gives widely different excess carrier densities for dif-
ferent materials.
In this work, we experimentally demonstrate that such
an excess carrier threshold value, Dnlim, exists and that above
Dnlim the generation rate is fully independent of carrier con-
centration. These ﬁndings are uncovered by a new way of
studying the LID process, in which the excess carrier density
is monitored directly during the light soaking. Local light
induced defect generation, wherein the wafer is exposed to
light in a conﬁned area, causes the excess electrons to diffuse
out into the wafer, allowing us to study the degradation
effect of a continuously varying electron concentration. This
concentration can be monitored by means of photolumines-
cence (PL) imaging. By applying simulations for the very
low carrier concentrations, we are able to quantify Dnlim.
The procedure is performed on a series of samples and the
results are used to investigate whether there is a correlation
between Dnlim and the B-O defect density. Finally, we dis-
cuss whether the role of the excess carriers is to simply shift
the quasi-Fermi energy causing a charge state change.
II. EXPERIMENTAL METHODS
The samples used in this study are boron doped Cz-Si
wafers with a boron concentration ranging from 3.5 1015
to 8.5 1015 cm3. Prior to the measurements, the wafers
were cleaned with RCA and thereafter received a double
side passivation by plasma-enhanced chemical-vapor depos-
ited (PECVD) hydrogenated amorphous silicon (a-Si:H). a-
Si:H passivation has the advantage compared to silicon
nitride (a-SiNx:H) passivation that no inversion channel is
formed on p-type material. An inversion channel could pos-
sibly introduce a smearing effect on the PL signal detected
by the camera.11 The a-Si:H.-passivation still provides an
excellent and stable level of surface passivation with a sur-
face recombination velocity below 40 cm/s. In order to
ensure that no defect centres are generated before the start of
the measurements, the samples were deactivated by an
annealing at 210 C for 15min on a hotplate.2
The B-O defect densities are determined by time
resolved lifetime measurements. The lifetime degradation
was monitored by a custom built, automated QSSPC setup
using an externally controlled bias lamp for in-situ illumina-
tion between measurements. The bias light source was a hal-
ogen lamp with an intensity of approximately 50 mW/cm.
The temperature of the sample was monitored by a thermis-
tor coupled to the sample stage, but the temperature change
of the stage and sample due to illumination was not signiﬁ-
cant for the measured lifetime. According to Shockley Read
Hall theory,12 the defect concentration can be directly related
to the lifetime, provided that the generated defects are the
dominating recombination mechanism. The normalized
defect concentration, Nt
*, is related to the measured lifetime
by the following equation Nt
*(t)¼ 1/s(t) – 1/s(0) where s(0)
is the initial carrier lifetime before LID and s(t) is the carrier
lifetime after a certain exposure time.13 The lifetimes were
measured at a ﬁxed injection level corresponding to one
tenth of the doping level for each sample, respectively.2
The PL measurements were performed with a LIS-R1
system from BTimaging. In the chamber, a 4.5 mW diode
laser with a wavelength of 780 nm was installed in order to
illuminate a speciﬁc area of the wafer. A principle sketch of
the setup is given in Fig. 1. The laser beam was shaped and
focused into a narrow line with a Gaussian half width of
506 5lm. The incidence angle was set to 10 to avoid
detection of the specular reﬂection from the laser beam by
the charge-coupled device (CCD) camera. When the laser is
turned on, the generated carriers will diffuse from the illumi-
nated area into the adjacent area following the continuity
equation. In silicon containing boron and oxygen, the diffus-
ing carriers generate B-O defects that reduce the lifetime far
beyond the borders of the illuminated area. As the concentra-
tion of B-O defects increases with time, the diffusion length
of the carriers decreases. This can easily be observed by
imaging the PL generated from a localized area in a p-type
Cz-Si sample at t¼ 0 and t 6¼ 0, see Fig. 2.
The laser shown in Fig. 1 has two functions. One is to
provide enough excess carriers over time to create an area of
reduced lifetime, visible as a groove-shaped feature in the
lifetime maps. The other is to act as an excitation source dur-
ing the PL measurements of direct monitoring of minority
carrier density with local excitation, which in principle can
be performed on any type of silicon material. As discussed
in the introduction, the B-O defect generation rate is inde-
pendent of carrier concentration above a certain value, Dnlim.
Therefore, a lifetime plateau in the bottom of the generated
lifetime groove-shaped proﬁle is formed. In Fig. 3, a princi-
ple sketch of approximately one half of the lifetime proﬁle is
shown. The four regions correspond to the degraded region,
the exposed region, the transition region, and the unaffected
region. Looking at the charge carrier concentration proﬁle
for an arbitrary time (t 6¼ 0), the carriers that are generated in
the exposed region will be subject to a uniform diffusion
length in the already degraded region. However, upon reach-
ing the transition region, the lifetime will rapidly change to
the better. This will appear as a change in the slope of the
FIG. 1. Sketch showing the setup for direct monitoring of excess carrier den-
sity during light induced degradation. The wafer is exposed to a focused and
shaped laser beam while the PL signal is collected by a CCD camera.
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spatial carrier concentration proﬁle in the transition region.
The carrier concentration that corresponds to this change in
the slope is thus the carrier concentration limit value, Dnlim,
where the defect generation rate becomes saturated.
In the present work, we illuminated the material with a
focused, low-ﬂux laser for 10min (peak photon ﬂux,
/low¼ 2.9 1016 s1 cm2). After 10min, a groove-shaped
lifetime proﬁle is formed and an image of the spatial carrier
proﬁle was taken. Unfortunately, the CCD camera cannot
detect a PL signal low enough to directly observe the carrier
concentrations in the transition region. With a larger carrier
concentration (increased excitation), the effect can, however,
be seen on the spatial carrier proﬁle. A high photon ﬂux will
thus demonstrate the change in the slope on the carrier proﬁle
but will not represent the carrier concentration that was respon-
sible for creating the defects. In order to determine the actual
Dnlim where the defect generation rate becomes saturated we
have simulated the spatial carrier proﬁle for these low carrier
concentrations. The procedure will be described in Sec. III.
The basis for the simulations are; (i) a calibrated PL image of
the lifetime groove measured by conventional PL imaging (5 s)
where another (integrated) laser, with a wavelength of 808 nm,
is used to expose the entire wafer and the resulting band-to-
band PL signal is measured by a one-megapixel silicon CCD
camera, and (ii) two QssPC measurements of the sample per-
formed at t¼ 0 and t¼ 10min illumination.
III. DATA ANALYSIS AND SIMULATIONS
The goal of the simulations and analysis presented here
is to determine the value of Dnlim. As explained in Sec. III,
the minority carrier density in the transition region during
the spot illumination is too low to be measured directly with
the PL imaging setup. Therefore, we rely on simulations of
the minority carrier proﬁle, which is determined by measure-
ments of the lifetime spatial proﬁle and injection-level de-
pendence before and after illumination.
The simulations of the spatial carrier concentration pro-
ﬁle are based on the 2D continuity equation, describing a
plane (x,z) normal to the focused laser line,
Gðx; zÞ þ Dnr2Dnðx; zÞ  Dnðx; zÞsðDn; xÞ ¼ 0; (1)
where Dn is the electron diffusion length. The generation
rate G(x,z) for the focused laser line is given by
Gðx; zÞ ¼ ð1 RkÞ/exp  xr
 2 
akexpðakzÞ: (2)
Here ak is the attenuation coefﬁcient for silicon, and Rk is
the reﬂectance at the laser wavelength (k¼ 780 nm). The
peak photon ﬂux / and Gaussian beam half width r were
measured by a beam proﬁlometer and a calibrated photo
spectrometer to be /¼ 2.9 1016 s1 cm2 and r¼ 50
6 5lm for the spot used during the 10min of light soaking.
This illumination generates the defects and hence creates a
spatial lifetime proﬁle that reﬂects the carrier concentration
proﬁle during illumination. The carrier density in steady
state is approximately homogeneous in the z-direction (depth
of the sample), so the resulting carrier density values from
the simulations are integrated throughout the thickness of the
sample and reported only as function of x.
After the light soaking, the spatial dependence of the life-
time is determined by acquiring a standard PL lifetime image.
The procedure to extract the true spatial lifetime proﬁle from
the diffusion-affected PL image is described in Ref. 7. This
yields a sigmoidal curve that rises from a low lifetime plateau
slow near the spot location to a high lifetime plateau shigh far
away from the spot, as sketched in Fig. 3.
The injection level dependence is determined by QSSPC
measurements on the samples in their deactivated state, and
after being light soaked for 10min with a halogen lamp illu-
minating the whole sample. The light source is intense enough
to reach the regime of constant defect generation, and the
sample temperature change due to the illumination is negligi-
ble. The QSSPC data obtained before light soaking (deacti-
vated sample) are then representative for the injection level
FIG. 2. PL intensity data (normalized to exposure time) taken (a) immedi-
ately when the light soaking is started, t¼ 0 and (b) after light soaking for
t¼ 3min. The position and width of the exposed area are superimposed on
the image, as indicated by the vertical grey line. Data acquisition time is
0.5 s. By comparing the images, it is obvious that the carrier density
decreases with increased time of light exposure. This is due to the shorter
minority carrier lifetime caused by the generation of B-O defects.
FIG. 3. Principle sketch showing the spatial carrier concentration in a sam-
ple exposed to a thin laser line. For simplicity only half of the lifetime
groove is illustrated. The continuous line shows the spatial carrier concentra-
tion and the dashed line shows the spatial lifetime proﬁle. The ﬁgure shows
four regions; the shaded region corresponds to the degraded region, the grey
to the exposed, the white to the transition region and the dotted to the unaf-
fected region. The duration of the exposure determines the depth of the life-
time groove.
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dependence of the lifetime in the unaffected region
(shigh(Dn)), far away from the laser spot (x r). The QSSPC
data obtained after light soaking are representative for the
low-lifetime (slow(Dn)) plateau near the spot. An example of
such measurements is shown in Fig. 4. For the transition
region, the lifetime is assumed to follow the sigmoidal shape
determined from the standard PL lifetime image, but with
slow(Dn) and shigh(Dn) lifetimes adjusted by the injection de-
pendence. The QSSPC data are ﬁtted to a lifetime model to
obtain values below the detection limit in the low-injection re-
gime. The effective lifetime of the samples is typically not
perfectly uniform, due to surface scratches and damage to the
passivation layers caused by handling. Thus, the area-
averaged QSSPC lifetime is lower than the lifetime in the
spot-illuminated areas. The latter are measured in as homoge-
neous areas as possible to avoid discrepancies with the simula-
tions. A factor is introduced to scale the averaged QSSPC
lifetime to the PL-determined lifetime in the uniform region.
The assumption is then that the injection level dependence
measured by QSSPC is representative also for the small uni-
form area probed by the focused line laser.
With s(Dn,x) and G(x,z) determined from measurements,
Eq. (1) is solved numerically using the partial differential
equation solver FlexPDE.14 The carrier concentration limit,
Dnlim, is extracted from the simulated carrier proﬁle by ﬁtting
two exponentially decaying curves to the regions correspond-
ing to the two lifetime plateaus. In this low-injection regime
(of constant lifetime with injection level) the decay constant
of each ﬁtted curve corresponds to the diffusion length in the
corresponding region. The limit, Dnlim, is extracted from the
carrier proﬁle curve where the normal of the simulated curve
crosses the intersection of the two ﬁtted curves, see Fig. 5.
The simulations are veriﬁed by comparison to a measure-
ment carried out with a laser line spot of higher intensity than
the one used during the light soaking. A laser line spot with peak
ﬂux of /high¼ 1 1018 s1 cm2 and r¼ 5065lm Gaussian
half width was used during acquisition of the spatial carrier
concentration proﬁles. Fig. 6 shows an example where the
simulation ﬁts well to the measured carrier concentration proﬁle.
The noise ﬂoor around Dn¼ 5 1012 cm3 is also visible.
The simulation and analysis procedure are summarized
below
1. The spatial proﬁle of the lifetime is obtained from a cali-
brated PL image taken after 10min spot illumination at
low photon ﬂux, /low.
2. The injection level dependence of the lifetime is deter-
mined by QSSPC measurements of the samples in their
deactivated state and after 10min light soaking.
3. The continuity equation is solved numerically, with the
spatial and injection level dependent lifetime data from
points 1 and 2.
4. The carrier concentration limit, Dnlim, is extracted from
the simulated carrier proﬁle.
IV. RESULTS AND DISCUSSION
A. Direct monitoring of locally injected carriers
In this work, a region of light induced degraded lifetime
is generated by locally exposing a sample to a low-ﬂux laser
beam. The regions of interest are the degraded, the
FIG. 4. Example of QSSPC measurements before and after light soaking for
10min with a normal halogen lamp illuminating the whole sample.
FIG. 5. Simulated carrier proﬁle for the low-ﬂux beam exposure at which
the 10min degradation was performed. The intersection of the two exponen-
tial curve ﬁts (dashed lines) gives the carrier concentration limit, Dnlim.
FIG. 6. Veriﬁcation of the employed model. The black curve corresponds to
a measurement of the spatial carrier proﬁle carried out with the high-ﬂux
laser beam. The dashed curve corresponds to Eq. (2) with sðDn; xÞ and
Gðx; zÞ determined from measurements.
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unaffected and the transition region, where the lifetime
changes (see Fig. 3). By a new method, described in the pre-
vious sections, we monitor the minority carrier density
directly by photoluminescence imaging. By exciting a large
enough concentration of carriers to detect the subsequent PL
signal, we can observe what happens to the carrier concen-
tration in the regions of interest. As already discussed, the
actual values for Dnlim are too low to be measured directly,
but carrier proﬁles generated by a high-ﬂux laser provide
valuable information as well. The diffusion length of the ma-
terial is given directly by the slope of the measured spatial
carrier proﬁle independently of the excited carrier concentra-
tion. By analyzing the slope of the spatial carrier concentra-
tions generated by the high-ﬂux laser, changes in the
diffusion lengths can be identiﬁed. In Fig. 7, two spatial car-
rier proﬁles, generated by a high-ﬂux laser beam, at two dif-
ferent positions x, are plotted. The grey carrier concentration
proﬁle is resulting from a high-ﬂux laser line positioned in
x¼ 0, but the carrier concentration is not high enough to
reach the transition region before the PL detection limit is
reached. The slope of the proﬁle is, however, completely
uniform demonstrating that the diffusion length in this region
is uniform. This proves that above a certain Dnlim, the B-O
defect generation rate is fully independent of the carrier con-
centration and that the assumption of a lifetime plateau,
inside the degraded region, used in Sec. III is correct.
The black carrier concentration proﬁle in Fig. 7 is gener-
ated by moving the high-ﬂux laser beam closer to the transi-
tion region. This time the carrier concentration is high
enough to reach the transition region before the PL detection
limit is reached. The detection of the direct PL signal in the
transition region at high injection must be performed very
quickly in order to not degrade the transition region, which
is highly sensitive to degradation by excess carriers. Even
though we use an exposure time of 15 s, we are still able to
observe a change in the slope of the proﬁle. The x-position
of the change in the slope is determined by ﬁtting two expo-
nentially decaying curves to the right side of the decaying
carrier proﬁle. The intersection between these two curves
corresponds well to the transition region of the measured
lifetime proﬁle, where the lifetime changes from being
degraded to unaffected by the carrier concentration, given by
the dashed curve. This ﬁnding shows that there exists a car-
rier threshold value at which the generation rate of B-O
defects is no longer limited by carrier access.
B. Comparison of Dnlim for different Nt
*
rapid
The carrier concentration limit, Dnlim, is extracted from
the simulated carrier proﬁles, according to the method
described in Sec. III, for a set of six samples with different
doping and normalized defect concentration, Nt
*. In this
study the Dnlim values have been determined after exposing
the samples for 10min with a localized laser beam. This
time is chosen for different reasons; (i) After 10min, a life-
time groove with a well-deﬁned shape is formed, suitable to
test whether the slope of the spatial carrier proﬁle will
change in the transition from the degraded to the unaffected
region. (ii) At 10min small concentrations, Dn < Dnlim, have
not yet had time to cause signiﬁcant degradation in the tran-
sition region, which would complicate the understanding of
the spatial lifetime proﬁle.7 (iii) The lifetime proﬁle after
10min exposure is a result of the injection history during the
whole 10min exposure sequence. This means that at t¼ 0,
when the lifetime of the sample is not yet degraded, the car-
rier concentration will be larger for all x-positions. A large
difference in the diffusion length of the carriers is, however,
only signiﬁcant during the ﬁrst few seconds of the exposure
and according to previous work,7 it was found that the exten-
sion of the degraded lifetime plateau does not change consid-
erably over time. It is therefore realistic to employ the
determined Dnlim at 10min as the actual threshold value for
the Dn dependence of the B-O defect generation rate. (iv) To
ease the interpretation of the results, it is convenient to look
at one degradation mechanism at a time; At 10min, the rapid
degradation is complete, while the slow degradation is not
yet evident. This is demonstrated in Fig. 8 where the normal-
ized defect concentration Nt
* is plotted as a function of time
for the samples of interest in this study. Accordingly, we can
relate our measurement results to the rapid decay alone.
Individual Dnlim values determined for each material to-
gether with their respective error bars are plotted in Fig. 9 as a
function of the normalized defect concentration for the rapid
decay, Nt
*
rapid. The black error bars give the uncertainty of
Dnlim when the uncertainties of the calibration factor and the
QSSPC measurements are taken into account. The red error
bars indicate when the measurement with high-ﬂux laser devi-
ates from the simulation results. As can be seen from Fig. 9,
the right-most point deviates quite substantially. This sample
is the sample corresponding to [B]¼ 8.41011 cm3 in Fig.
8. In Fig. 8, we see that at 10min the slow degradation decay
has already started for this speciﬁc sample. This might explain
the deviation in simulation result to high-ﬂux laser measure-
ment. The deviations in the low-ﬂux simulations are, however,
expected to deviate much less from the experimental values,
FIG. 7. Figure showing measured minority carrier density and lifetime after
10min of low-ﬂux laser beam exposure in x¼ 0 for a given sample. The
grey curve corresponds to the carrier density proﬁle when the high-ﬂux laser
beam is positioned in x¼ 0 and the black curve when the beam is positioned
at x¼ 0.2 cm. Two individual exponential ﬁts are shown on the x¼ 0.2mm
curve. The intersection of these ﬁts gives the x position of where the diffu-
sion length of the excess carriers changes. The dashed line is the measured
lifetime proﬁle.
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as the carrier lifetime is independent of the carrier injection
level in this injection region.
C. Physical interpretation of Dnlim
There is no indication of any obvious correlation between
Dnlim and Nt
*
rapid in the plot in Fig. 8. This signiﬁes that the
amount of carriers required to enable the degradation rate at
full speed is independent of how many latent rapid B-O defect
centres that occur in the sample. The ﬁnding is in agreement
with a model where the activation is attributed to the change
of the charge-state occurring when the electron quasi-Fermi
level shifts across the energy level of the latent centre in its
passive state. The determined Dnlim concentration enables us
to determine this energy level directly, since the Dnlim concen-
tration corresponds to the quasi-Fermi level at which a further
rise in the band gap will not cause any further increase in the
defect generation rate. This is, however, only true if the equi-
librium constant, k, of the charge state reaction LCþ e $
LC is sufﬁciently high (LC¼Latent Centre). If k is 1, it is
possible that the defect energy level is positioned lower in the
band gap and that an increase in the quasi-Fermi energy above
this level simply causes an increase in k. This scenario cannot,
however, be correct according to a measurement by Bothe,15
where sub band gap illumination was used. In the ﬁrst case,
photons with energy above 0.50 eV were blocked. In this case,
no defects were created. Subsequently, photons with energy
above 0.73 eV were blocked and the experiment was repeated.
In this case, defect generation was observed. Thus, the energy
level must lie in between these limits. The determined Dnlim
concentration therefore enables us to determine the quasi-
Fermi level responsible for the charge-state change of the
latent defect centre directly.
The arithmetic average Dnlim concentration from the
measurement series shown in Fig. 9 is given by the dashed
line and yields Dnlim¼ 1.846 0.9 1011 cm3. The quasi-
Fermi energy from this concentration gives
Elat¼EVþ (6356 18) meV determined by16
EF
n  Ei ¼ kT  ln n
ni
; (3)
where EF
n is the quasi-Fermi energy level for the electrons in
this case equivalent to Elat, Ei is the intrinsic Fermi energy
(eV), k is the Boltzmann’s constant, T is the temperature, n is
the electron concentration in this case equivalent to Dnlim, and
ni is the intrinsic concentration of electrons. Previously, Bothe
et al.2 have determined this level by a fundamentally different
route, including temperature dependence on forward bias
induced open circuit voltage degradation and PC1D simula-
tions. They calculated the level to be Elat¼EVþ (6356 20)
meV which is in good agreement with our result. The activa-
tion of the fast recombination centre is thus after all likelihood
attributed to the change of the charge-state occurring when
the electron quasi-Fermi level shifts across an energy level
corresponding to the reported value. A simple recharge can-
not, however, explain the complete transition from a latent to
recombinative defect centre. The total supply of electrons
over time under illumination is much larger than the concen-
tration of B-O defects which is assumed to be in the order of
1 1011 cm3.5 Accordingly, if a recharging effect was the
ﬁnal step in the generation of recombinative centres, the hypo-
thetical reaction LCþ e $ RC (RC¼Recombinative
Centre) should be complete almost immediately. From Fig. 8,
we see that this is not the case. The normalized rapid defect
concentration does not saturate until approximately
200–300 s. Thus, the charging of the latent defects cannot be
the last step before a ﬁnal recombinative complex is in place.
Another rate limiting event, when Dn > Dnlim, must be occur-
ring subsequently after the recharging. This is in correspon-
dence to the model proposed by Voronkov et al.8
V. CONCLUSION
We have developed a new method based on photolumi-
nescence imaging to directly monitor the excess carrier
FIG. 8. Normalized defect concentration plotted as function of time for the
six uncompensated boron-doped Cz-Si samples investigated in this study.
The doping concentrations are given in the legend.
FIG. 9. Figure showing the minority carrier concentration limit, Dnlim, as a
function of Nt
*rapid. No correlation between Dnlim and Nt
* can be observed.
The black error bars give the uncertainty of Dnlim when the uncertainties of
the calibration factor and the QSSPC measurements are taken into account.
The red error bars indicate when the measurement with high-ﬂux laser devi-
ates from the simulation results.
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density during light induced degradation. The laser used for
light soaking is continuously exposing the sample to light,
generating a spatially varying proﬁle of activated B-O
defects. By this method, we show experimentally that above
a certain minority carrier concentration limit, Dnlim, the B-O
defect generation rate is fully independent of the minority
carrier concentration. By simulation, we are able to deter-
mine the carrier concentration where the generation rate of
the B-O defect saturates, Dnlim¼ 1.846 0.9 1011 cm3.
Our results are consistent with a model where the role of the
excess carriers during the rapid decay is to change the charge
state of the defects by shifting the electron quasi-Fermi level
across the energy level of the centre in its passive state. The
energy level of the passive state of the latent defect centre is
determined and yields Elat¼EVþ (6356 18) meV.
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